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Abstract
Fats, oils and greases are produced from a variety of industries, including
animal rendering operations, vegetable oil processing plants and the hospitality
industry. These hydrophobic, COD-rich compounds are known to cause issues in
municipal wastewater collection and treatment systems. Anaerobic co-digestion
has been shown to be an effective way to treat FOG and presents an opportunity
to produce greater quantities of biogas. However, many microorganisms are
sensitive to the degradation products of FOG, including long and short chain fatty
acids. Two studies were performed to address potential inhibitory effects of both.
The first study co-digested various percentages of FOG with primary
sludge, waste-activated sludge and anaerobic digester sludge collected from Fort
Wayne Hill Water Resource Center (FWHWRC). The purpose was to use FOG
specific to FWHWRC to determine an optimal concentration of FOG yielding the
greatest amount of methane. This BMP assay bottles were measured daily for
methane, every five days for short and long chain fatty acids throughout the 50day experiment. Day zero and day fifty DNA samples were collected. Increasing
percentage of FOG corresponded to a delay in and a slightly slower rate of
methane production. BMP bottles with 15% FOG had similar methane yield as
10% FOG, but with a slower ramp up time. BMP bottles with 20% FOG took
longer than 15% FOG bottles and did not produce as much methane by day 50,
indicating some inhibition within the anaerobic digestion metabolic pathway.
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The second study looked more closely at inhibitory LCFAs and SCFAs;
palmitic acid and acetic acid. Few other studies have looked at these two fatty
acids’ direct effect on methane production. This BMP study involved the
supplementation of sodium palmitate, sodium acetate or both to anaerobic batch
bottles given anaerobic minimal media and anaerobic digester sludge. Methane,
short and long chain fatty acid, DNA, and RNA samples were collected throughout
the 45-day experiment. It was determined that 10 mM sodium palmitate was
enough to delay exponential methane production by as much as 45 days. Five mM
of palmitic acid alone was not enough to inhibit or delay methanogenesis. The
addition of acetate delayed the onset of exponential methane production likely by
stalling the β-oxidation reaction of LCFAs to acetate and hydrogen. Ten mM of
palmitic acid alone prevented exponential methanogenesis. Methanobacterium, a
hydrogenotrophic, slow-growing methanogen, was the most abundant genus and
likely the primary methane producer. The palmitic acid concentration was high
enough to delay the onset of methanogenesis. The increased abundance of
Synthrophomonas likely aided in the β-oxidation of palmitic acid to acetate and
hydrogen. Methanobacterium and Methanosarcina were the dominant archaeal
genera during exponential methane production. The results of this study support
the

hypothesis

that

there

is

some

inhibition

by

LCFAs

upstream

methanogenesis and it is likely within β-oxidizing bacterial communities.
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1. Background and Significance
1.1. Fats, Oils and Greases
Lipids can generally be described as a glycerol molecule with three fatty
acids attached, forming a triglyceride. The first step of biodegradation of lipids
requires hydrolytic enzymes, like lipases, to use a water molecule to break the
bond between the fatty acid and the glycerol.1,2 Fatty acid hydrogen saturation,
number of carbons, and length can change its properties and microbial
degradability dramatically.1,3
Many industries produce high-strength wastes, which are characterized by
their high levels of chemical oxygen demand (COD), total suspended solids (TSS),
phosphorous, nitrogen, or fats, oils and greases (FOG).4 For example, fruit
processing industries, like palm or pineapple, can produce wastewater with a COD
of 50,000-80,000 mg/L, while a typical municipal wastewater treatment plant would
receive influent with a COD between 600-900 mg/L.5–7 Olive processing plants and
vegetable oil refineries, as well as industries like restaurants, hotels, and animal
rendering plants produce waste that is rich in lipids, known as FOG. Specifically,
sources of FOG include from dairy products, like butter, cheese and yogurt, or from
meat products, like trimmings from poultry or pork.

8–10

The composition of FOG

can vary based on the type of waste it is produced from. For example, FOG from
animal rendering wastewater is likely to have a higher concentration of saturated
fatty acids while an olive processing plant is likely to contain more unsaturated fatty
acids. In general, long chain fatty acid (LFCA) profiles are dominated by palmitic
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acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:2).10 Properties of these
LCFAs and their relationship to methanogenesis will be discussed in following
sections. Often times, these wastes are disposed of either in traditional landfills or
municipal wastewater systems, both of which can cause serious infrastructure
problems.10
Many issues can occur when FOG is introduced to a municipal wastewater
treatment system. These issues arise due to chemical and physical properties of
FOG. When disposed of through typical wastewater infrastructure, blockages of
pipes and pumps can occur if saponification conditions are present and these
blocked pipes can cause reduction of flow capacity, as displayed in Figure 1.11–13
In worst case scenarios, sanitary sewers can overflow into surrounding
communities and the treatment and repair can be costly.14 For these reasons, large

Figure 1. Municipal pipe clogged with fats, oils and grease, adapted from
Arlington, VA Water & Utilities

2

amounts of FOG from industries require special isolation and treatment. Even
when FOG is disposed of properly and transported to a wastewater treatment site,
problems in the collection system may be bypass but FOG can still cause problems
in the treatment plant itself. FOG is hydrophobic, therefore distribution in any
activated sludge system could be uneven. Uneven distribution may result in scum
formation, floating sludge, and reduction of active digester volume in anaerobic
digesters; all of which decrease performance and cause other problems at a
municipal treatment plant.15
When optimized, anaerobic digesters can treat both municipal wastewater
sludge and FOG in a process known as anaerobic co-digestion. Anerobic codigestion will be discussed in more detail in the next section. FOG as a cosubstrate has been shown to increase methane production because it requires
less mass loading per unit methane and has a higher methane production potential
in comparison to other organic wastes.16–21 In this case, methane production is
desirable, as it can be captured, purified and used as an energy source to power
other parts of a wastewater treatment facility. However, overloading of FOG in
anaerobic digesters can lead to accumulation of LCFAs and SCFAs that have been
shown to inhibit metabolic capabilities of the anaerobic microbial consortium, thus
leading to failure of the digester.2,22–24 The development of effective anaerobic codigester protocols based on batch studies is vital to successful operation of
anaerobic digesters, efficient utilization of a common waste product FOG and
optimized recapture energy in the methane.
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1.2. Anaerobic Digestion
The primary goal of any water resource recovery facility (WRRF) with respect to
handling solids is to stabilize sludge and treat it according to “503 Regulations”, a
section in the Federal Register that describes requirements for pathogen removal
and reduction of biodegradable organic matter in wastewater.25 Aerobic and
anaerobic processes have similar regulatory standards, but some differences in
methods of quantifying success. Pathogen removal is divided into two classes:
Class A and Class B. Class B solids require a fecal coliform level less than 2x106
most probable number (MPN) per gram of total solids. Class A solids have more
strict requirements for pathogen removal, mandating fecal coliform levels less than
1000 MPN per gram total solids and Salmonella levels less than 3 MPN per four
grams total solids.26 Pathogen removal is important for subsequent uses of
digested solids, including land application of stabilized solids for agricultural
purposes.25
Anaerobic digestion can fulfil 503 regulations as well as perform other
processes beneficial to WRRFs. Anaerobic digestion is the process of degradation
and stabilization of organic matter by microorganisms in anaerobic conditions and
is a key step in many wastewater treatment operations.27 The stabilization of
sludge is extremely important for several reasons. With increased solids stability,
there is a decrease in likelihood that disease vectors, like insects, will be attracted
to the solids when they are land applied.25 Other advantages of employing
anaerobic digestion include low sludge production, low energy consumption, and
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possible energy recovery.28,29 Agricultural, industrial and municipal waste can be
used as substrate to produce organic products, like methane and biomass, and
inorganic compounds, like carbon dioxide and hydrogen sulfide. Of these products,
methane is particularly valuable, as it can be captured and used as an energy
source to power other wastewater processes.30 Additionally, the conversion of
COD to methane is the main mechanism of stabilization of biodegradable waste.
There is little reduction of COD from other metabolic pathways previously
mentioned, therefore encouragement of methanogenesis is key for efficient
function of anaerobic digesters.25
Figure 2, adapted from Grady et al. (2011), displays the major components
of an anerobic digester.25 Influent sludge passes through a heat exchanger prior
to entering the digester. Most anaerobic digesters maintain mesophilic conditions,

Figure 2.Schematic of anaerobic digester, adapted from Grady et al. (2011)

which entails a temperature range between 35°C to 37°C.31 Lower temperatures
especially could significantly reduce rates and eventually lead to the failure of the
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digester. After heating, the influent travels into the digester. Anaerobic digesters
are typically make of concrete or steel and usually have an egg-like shape, as
displayed in Figure 3.25,32 The digester is usually closed off to the external
environment due to the requirement of anaerobic conditions. Exposure to oxygen
can kill obligately anaerobic microbes and can serve as an electron acceptor that
is used preferential over common anaerobic electron acceptors, like acetic acid or
carbon dioxide. The diagonal lines in the space surrounding the digester represent
the insulation used to maintain warm temperatures by minimizing heat loss. The
curved arrows within the digester represent mixing mechanisms. Adequate mixing
is important to reduce the impact of changing influent composition, either in
nutrients or inhibitory compounds. Mixing also helps to maintain temperature
ranges and to improve mass transfer of metabolites. Transfer of metabolites

Figure 3. Anaerobic digesters at Newton Creek Wastewater Treatment Plant in Brooklyn, NY,
USA, adapted from Rose (2014)
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between different groups of microorganisms is crucial to the function and efficiency
of methanogenesis in anaerobic digesters.25 Since methane is mostly insoluble, it
collects in the headspace of the digester and can be transported elsewhere in the
WRRF for use. Gas collected from the headspace is often not pure methane. About
30-50% of biogas produced is carbon dioxide and this percentage can change
based on the type of substrate used.25 Purified methane can then be used to power
boilers heating the anerobic digester.25 Treated sludge can then be land applied
on farms or vegetable gardens if it meets Class A biosolids standards.26
To optimize methanogenesis, the complex, synergistic nature of the
metabolic pathways involved in anaerobic digestion must be understood. Figure
4, adapted from Grady et al. (2011), depicts the multistep nature of microbial
methane generation that can occur in wastewater treatment, specifically in
anaerobic digesters.25 Large organic molecules, like proteins, carbohydrates and
lipids, must be broken down by extracellular proteases, amylases and lipases,
respectively, into smaller constituent molecules that are able to pass through
bacterial cell membranes. This process is known as hydrolysis, whereby a water
molecule is consumed in the catabolism of another molecule. These smaller
constituent molecules include amino acids, simple sugars and long chain fatty
acids (LCFAs) and they can undergo the process of acidogenesis. Acidogenesis
is the fermentation or anaerobic oxidation of hydrolysis products into short
chain/volatile fatty acids (SCFA/VFA), hydrogen gas, and small organic
compounds like acetic acid. Amino acids and simple sugars can be fermented into
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SCFAs, acetic acid and hydrogen, while long chain fatty acids undergo β-oxidation
to form the same products.33,34 SCFAs can be further broken down into acetic acid
and hydrogen gas in a process known as acetogenesis, or the synthesis of
acetate.35 The main similarity between acidogenic fermentation and β-oxidation,
and acetogenesis is the production of acetic acid and hydrogen gas, both of which
can be utilized by the archaea known as methanogens.25
1.3. Current Research on Anerobic Co-digestion
There have been quite a few biochemical methane potential (BMP) studies on
anaerobic co-digestion with FOG.3,10,11,24,36 Many industries are interested in FOG

Figure 4. Overview of multistep methane generation, adapted from Grady et al. (2011)
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studies because of the potential to generate biogas from a previously unusable
starting product.10,26 As previously mentioned, biogas generated can be used to
power other high-energy demand processes within the treatment plant. A review
by Abomohra et al. (2020) describes the current research on the potential of using
FOG for biodiesel production.10 Although the cost of FOG-biodiesel production is
not competitive with fossil diesel, this review explored potential methods for
increasing the affordability and feasibility of FOG-biodiesel.10 Studies on codigestion of FOG in anaerobic digesters have also increased in number.
Municipalities with anaerobic digesters can increase biogas production by 30% or
more by co-digesting FOG. By producing more biogas “in-house”, WRRF can
reduce the amount of energy needed from external sources by half.10,16–18,37–41
An important area of co-digestion research is the role of LCFAs in inhibition
of methanogenesis. Referring Figure 3, LCFAs form from the hydrolysis of lipids
by lipases and LCFAs, like oleic, stearic, capric, and palmitic acids, have been
shown to inhibit methane production.42–44 Figure 5 shows possible pathways of
this phenomenon.45 The mechanism of inhibition is likely by adsorption to the
bacterial or archaeal cell membrane or wall, thus preventing transmembrane
transport.46 Other possible mechanisms include dissolution of the lipid bilayer at
high LCFA concentrations. This can occur due to the detergent-like properties of
LCFAs brought about by their amphipathic nature, thus creating holes in the cell
membrane or wall through which metabolites can leak out.45 These mechanisms
support the idea that LCFAs have an acute, toxic effect on β-oxidizing bacteria and
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methanogenic archaea.42,46,47

However, studies from Pereira et al. postulate

possible reversibility of LCFA inhibition.48,49
Pereira et al. (2004) conducted a study were three sludge samples with
increasing LCFA contents were anaerobically sealed, incubated and measured for

Figure 5. Possible mechanisms of fatty acid inhibition in bacteria, adapted from Desbois
et al. (2010)

methane production.48 In the sludge sample with the lowest LCFA content
immediately started producing methane. The sludge sample with the highest LCFA
content had a lag in methane production that lasted about 500 hours, due to the
accumulation of biomass-associated LCFAs. After the biomass-associated LCFAs
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were mineralized into solution, the rate of specific methane activity increased to
rates similar to the sludges with lower LCFA content. This supported their claim
that the effect of LCFAs on methane production is reversible, contradicting
previous research.48
Several studies try to answer which specific LCFAs are causing delays in
methanogenesis and at what step in the metabolic pathway might the inhibition be
most prevalent. Deaver et al. (2020) designed a batch BMP study wherein bottles
contained increasing concentrations of FOG. In the three-hundred-day study,
bottles without FOG started methane production much earlier than those with
higher concentrations of FOG, as expected. Palmitic acid accumulated in both
bottles with higher concentrations of FOG, while acetate did not accumulate. To
test if methanogens were the microorganisms inhibited by palmitic acid
accumulation, acetate was spiked in the high FOG bottles. The acetate was
consumed

and

methane

production

increased,

meaning

acetoclastic

methanogens were not strongly inhibited by the presence of LCFAs. Thus, the
authors concluded that another group of microorganisms performing the βoxidation of LCFAs to SCFAs, acetate and H2 were likely inhibited by palmitic acid
accumulation.24
Accumulation of short chain fatty acids, like acetate, propionate and
butyrate, is another way in which anaerobic digesters can fail. Firstly, their
accumulation can result in reduction of pH. Methanogens operate in a very narrow
range, between pH 6.8-7.2, and any variation below this range can greatly reduce
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methanogens’ growth rate.50–53 Zeeman et al. (1985) showed that by reducing pH
from 7.5 to 7.0 increase methane production by four times.28,54 Secondly, SCFA
accumulation can inhibit enzymes that catalyzed their accumulation, which is also
known as feedback inhibition. This type of inhibition is usually reversible when the
inhibitory product is consumed or transported elsewhere.55,56 Siegert and Banks
(2005) performed a BMP study where cellulose and glucose served as primary
substrates and varying concentrations of a synthetic SCFA mix were added to
batch bottles. Biogas production, gas composition and SCFA concentration were
measured. The rate of cellulose hydrolysis was inhibited at SCFA concentrations
above 2 g/L. The rate of glucose fermentation was slightly inhibited at SCFA
concentrations about 4 g/L. Production of biogas decreased and CH 4:CO2 ratio
shifted to CO2 when SCFA concentration was above 6 g/L. This study also found
a slight toxicity of a mixture of acetic, propionic and butyric acids at 6 g/L on
acetogenic bacteria, but not to methanogenic archaea. This indicates that stalls in
methane production might not be the result of methanogens directly, but to other
microorganisms that provide substrates for methanogens.56 On the other hand,
different studies have shown that propionic acid has a stronger, direct inhibitory
effect on methanogenesis than acetic or butyric acid.56–58 Another study by Jiang
et al. (2018) showed that, SCFA concentration was the main inhibition factor on
methane production in dry co-digestion.59 Preventing the accumulation of SCFAs
may be as important to methanogenesis optimization as prevention of LCFA
accumulation.
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1.4. Important Microbial Communities
Table 1. Chemical Equations and Free Energy Yields for Acetoclastic and H 2-oxidizing
Methanogens, adapted from Schlesinger et al.(2013)

In anaerobic digesters exposed to LCFAs, the dominant genera are
Syntrophomonas and Clostridium, both of which possess pathways for β-oxidation
of LCFAs.60,61 Syntrophomonas is a gram-negative bacterium with a multilayered
cell wall and several flagella. This microorganism is obligately dependent on
hydrogen-consuming species, like methanogens, as a hydrogen partial pressure
of 0.8 atm is sufficient to inhibit growth.62 The most abundant methanogen in
reactors fed with LCFAs is Methanoculleus genus. There are two groups of
methanogens;

acetoclastic

and

H2-oxidizing.

Acetoclastic

methanogens

metabolize acetic acid into methane and carbon dioxide while H 2-oxidizing
methanogens use carbon dioxide as the electron acceptor and reduce it fully to
methane and water. Most methane is generated by acetoclastic methanogens, as
the autotrophic nature of H2-oxidizing methanogenesis requires significant
amounts of ATP, resulting in slower growth rates.25,63 The associated free energy
yield of each methane production pathways are listed in Table 1.64 As previously
mentioned, anaerobic co-digestion is appealing because of its effectiveness,
affordability and feasibility in large operations as well as its ability to generate
methane, which can serve as a renewable energy source to power other treatment
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operations.65 Key microorganisms in anaerobic digestion, like acetogenic
methanogens, are sensitive and determining the concentration of FOG they can
withstand is crucial.
Tracking methanogenesis is important for the success of an anaerobic
digester. To focus on methanogens specifically, it is possible to quantify
expression of genes that code for proteins required for methanogenesis and relate
this gene expression to methane collected. A key enzyme in methanogenesis is
methyl coenzyme M reductase. This enzyme reduces the methyl group of methyl
coenzyme M to methane.66 All known methanogens contain at least one copy of
the mcrBDCGA operon, which codes for two alpha (mcrA), beta (mcrB) and
gamma (mcrG) subunits.67 Expression of any one of these subunits is a reliable
indicator of methanogenic activity.68–70
To further understand the relationship between LCFA accumulation and
decreased methane production, tracking the changes in microbial community
structure can be useful to predict changes associated with FOG loadings. In
addition to culturing different genera, several other recent studies have used
molecular techniques, like 16S rRNA gene sequencing, to catalog changes in
community structure over time.20,60,71 Amha et al. (2017) incorporated 16S rRNA
gene and 16S rRNA Illumina sequencing to monitor shifts in community structure
and activity over time.72 This method is particularly valuable because DNA
sequencing does not discriminate between live and dead cells, only those currently
present, whilst RNA sequencing provides real time information about the
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community’s activity as conditions change.73 This method will be useful in
evaluating the effect of inhibitory compounds, like palmitic acid, on microbial
community composition and syntrophic community function.
1.5. Research Objectives
Biochemical methane potential (BMP) tests have been shown to be both
simple and reliable in determining the suitability of a substrate for methane
generation.74,75 However, only a few studies have tracked both LCFAs and SCFAs
during co-digestion of FOG as well as quantified microbial community changes.
FOG specific to Gwinnett County, GA, USA is also unique to this study. The major
goals of the first study were to:
1) Design BMP with various percentages of FOG and measure
methane production daily;
2) Quantify LCFA and SCFA concentrations throughout the study and
correlate these data with methane production;
3) Compare initial and final relative microbial community abundance to
identify key microorganisms within each condition.
It has been shown by many studies that inhibitory effects of LCFA and
SCFA accumulation on pathways involved in methanogenesis.24,28,45,48,49,76
Deaver et al. showed that palmitic acid accumulation delayed methanogenesis in
co-digestion of FOG.24 The goal second study presented here was to further
support this assessment of the inhibitory effects of palmitic acid specifically. The
spikes of acetate and their subsequent rapid deletion in the Deaver et al. study
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suggested that methanogens were not as strongly inhibited by FOG as β-oxidizing
microbes, like Syntrophomonas. With these findings in mind, the goals of the
second study were to;
1) Design a BMP with various concentrations of palmitic acid and
acetate and measure methane production daily;
2) Quantify LCFA and SCFA concentrations throughout the study and
correlate these data with methane production;
3) Compare initial and final relative microbial community abundance to
identify key microorganisms
4) Identify step of anaerobic digestion pathway that appears to be most
affected by palmitic acid accumulation
5) Quantify expression of key methanogenesis genes, like mcrA, and
correlate methane production and microbial communities.
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2. Materials and Methods
2.1. Study 1: Anaerobic co-digestion of sludge with fats, oils and greases
2.1.1. Evaluation of initial wastewater characteristics
Primary sludge (PS), waste activated sludge (WAS), anaerobic digestor
sludge and fats, oils, and grease (FOG) used in anaerobic batch studies were
collected from the F. Wayne Hill Water Resource Center in Gwinnett County,
Georgia and stored at 4°C until use. The anaerobic digester had been operating
with 10-15% FOG for a period of time prior to collection. Several preliminary data
were collected from each type of waste, including pH, volatile solids (VS), total
solids (TS), long chain fatty acid (LCFA) distribution, and short chain fatty acid
(SCFA) distribution. Samples were taken for microbial community analysis using
DNA extraction and 16S rRNA gene sequencing. These samples were stored at 20°C until utilized.
TS/VS of PS, WAS, FOG, and anaerobic digestor sludge were measured
using protocols from EPA Method 1684.77,78 For each of the batch bottles, the g
VS fed was calculated based on experimental condition and the cumulative
methane produced was normalized to g VS fed.
2.1.2. Biochemical methane potential tests
Five conditions were tested in the batch study; 0% FOG, 5% FOG, 10%
FOG, 15% FOG and 20% FOG, by volume. Conditions are referred to as Control,
FOG5, FOG10, FOG15, and FOG20, respectively, and the number following each
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Table 2. FOG batch bottle composition

condition is the biological replicate number. Each condition was tested in triplicate,
yielding a total of 15 batch bottles. The total volume of the batch bottles was 180
mL, with 60 mL of headspace and 120 mL of liquid waste. Anaerobic digester
sludge served as feed inoculum, constituting 30% (by volume) of the 120 mL waste
volume for all five conditions. The remaining 70% of the 120 mL waste volume was
a mixture of FOG and 50:50 by volume PS/WAS mixture, depending on
experimental condition. Experimental set-up is described in Table 2. After adding
digester sludge and pre-defined amounts of FOG and PS/WAS, each batch bottle
was sealed with a rubber stopper, secured with an aluminum cap, and sparged
with ultra-high purity N2 for 10 minutes. Batch bottles were then placed on a benchtop shaker and kept at 37°C.
In total, the BMP tests were monitored for 50 days. Daily data collected
included biogas volume and methane concentration in headspace. Every five days,
liquid samples were collected and used to perform long and short chain fatty acid
analyses. These samples were stored at 0°C until assayed. Microbial community
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analysis was performed on 2-mL samples taken on day 0 and day 50. These
samples were stored in RNase-free tubes at -20°C until DNA extraction.
2.1.3. Quantification of methane and fatty acid production
The volume of biogas in headspace was measured every day using a
frictionless glass syringe and 21G needle. This was performed by inserting the
needle through the rubber stopper of each batch bottle and allowing the plunger to
move freely. Percent methane in the biogas was measured every day by using a
glass syringe (Hamilton Company, Reno, NV, USA) to withdraw 250 µL from the
headspace of each batch bottle. Samples were analyzed on a Shimadzu GC-TCD
2014 fitted with a ShinCarbon ST 100/120 column (Restek, Bellefonte, PA, USA).
The carrier gas was argon at a rate of 10 mL/min at 120°C and detector and injector
temperatures were set to 150°C. The hold time was 3 minutes. Calibration was
done on the GC-TCD by using the same analytical conditions listed above and
injecting known quantities of methane. Several data points were taken and the
peak areas were used to develop a standard curve for methane in each sample.
Every 5 days, two 1-mL liquid samples were collected from all batch bottles
using a 5-mL syringe fitted with an 18G needle and stored in labeled 1.5 mL
microcentrifuge tubes. Samples were stored at 0°C until analyzed for short and
long chain fatty acids. Short chain fatty acid analysis began with thawing samples
at room temperature. Once thawed, samples were centrifuged at 10,000 x g for 1
minute. A 3-mL syringe fitted with an 23G needle was used to pull supernatant
from each sample and filtered through a 0.2-µm polyvinylidene fluoride (PVFD)
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membrane filter. Filtrate was then diluted twenty times with distilled de-ionized
water in glass high-performance liquid chromatography (HPLC) screw-top vials
until final volume was 1.0 mL. Samples were run on an Agilent HPLC using an
Aminex HPX-87H at 30°C with 5 mM sulfuric acid eluent at a flow rate of 0.6
mL/min. Retention time and peak areas were recorded and graphed based on the
compound of interest, which included acetate, propionate, isobutyrate, butyrate,
isovalerate, and valerate. Standards were run to generate reference factors. New
standards generated different reference factors for all samples after day 20.
Long chain fatty acid analysis began with thawing samples at room
temperature. LCFAs were extracted and transesterified using the protocols
developed by Ziels et al. (2015) and Burja et al. (2006), respectively.79,80 The
procedure began by extracting the 1.0-mL thawed samples into hexane, drying
with nitrogen gas, transesterification using excess methanol, heating at 90°C for
120 minutes, then extraction as fatty acid methyl esters (FAME) into hexane. The
recovery standard was 100 µL of 10 g/L pentadecanoic acid and internal standard
was 50 µL of 2.0 g/L pentadecane. Samples were analyzed on a Shimadzu GCFID fitted with a Rt-2560 column (Restek). Column temperature was 100°C for 5
minutes, the ramp up 3°C/min to 240°C. Injector and detector temperatures were
fixed at 240°C. Helium was the carrier gas. Retention time and peak area were
recorded and graphed based on compounds of interest, which included myristic,
palmitic, stearic, oleic, and linoleic acid. The standard used for these analyses was
Supelco 37 Component FAME mix from Sigma.
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2.1.4. DNA Extraction
On day 50, 2 mL samples were collected in triplicate from each batch bottle
and stored at -20°C. These samples were used for endpoint microbial community
analysis. Liquid samples collected from the digester sludge inoculum and on Day
50 were thawed on ice and DNA was extracted using DNeasy PowerSoil kit and
the protocol included by Qiagen. Quantification of DNA was performed using a
Qubit high sensitivity DNA assay kit on a Qubit 3.0 (Thermo Fisher). Standards
were prepared according to directions in the kit and were made fresh prior to each
measurement session. Samples with DNA concentrations above limit set by MR
DNA (Shallowater, TX, USA) were diluted with nuclease-free sterile water. All
sample microcentrifuge tubes were sealed with parafilm and stored at -20°C until
sequencing.
2.1.5. Microbial community composition
Sequencing set-up and bioinformatics will be modeled closely after
protocols described by Deaver et al. (2020).24 Extracted DNA will be sent to MR
DNA for MiSeq 16S rRNA sequencing. The target gene for amplification was the
16S rRNA gene V4 variable region. The primers used were 515F/806R and were
combined with Qiagen HotStarTaq Plus Master Mix Kit. The PCR proceeded for
30-35 cycles, with a denaturation phase of 95°C for 30 seconds, annealing phase
of 53°C for 40 seconds and elongation phase of 72°C for 1 minute, then a final
elongation step at 72°C for 10 minutes. To confirm amplification success, samples
were run on a 2% agarose gel Samples were multiplexed using dual indices,
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pooled, purified, and use to create an Illumina DNA library. After sequencing, data
were processed using the MR DNA pipeline where sequences were joined,
sequences under 150bp were deleted, and sequences with ambiguous base calls
removed. Finally, sequences were filtered by a maximum error threshold of 1.0
and dereplicated. The samples were denoised, unique sequences or sequences
with PCR point errors were removed, and removal of chimeras. Final resulting
zOTUs were taxonomically classified using the NCBI BLASTn tool. The data was
then sent back to our lab for further processing.81
Further processing of sequences began by removing the forward and
reverse primer sequences from demultiplexed sequences using the MR DNA
FASTqProcessor package. Sequences were then analyzed by the Clemson
University Genomics and Bioinformatics Facility (CUGBF, Clemson, SC, USA)
using Qiime on the Palmetto Supercomputer.82 Since the data received from MR
DNA was demultiplexed, that means forward and reverse reads for each sample
were given different files. These paired sequences were joined into one file to form
a whole sequence, which were then filtered by basic quality score.83,84 Trim length
was determined by visualizing the filtered paired sequences on Qiime2 View and
selecting the trim length value given for 50% of nucleotide reads. Then, the
sequences had to be denoised using deblur.85 Taxonomic assignments were given
using the feature-classifier command using Silva 138 99% OTUs from 515F/806R
region of sequences.86–89 Taxa, like Eukaryota, Chloroplast, mitochondria and
unassigned taxa were removed from the data set. Then, technical replicates were
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merged and phylogenic trees were created.90–93 Alpha and beta diversity
commands were run using Faith PD and weighted UniFrac emperor,
respectively.93,94 Percent relative abundances were calculated and plotted on bar
graphs. Taxa with a percent abundance less than 3% were lumped in with “other”
taxa.
2.2. Study 2: Anaerobic biodegradation of palmitic acid and acetate
2.2.1. Biochemical methane potential tests
Anaerobic digestor sludge used in this anaerobic batch studies was
collected from the F. Wayne Hill Water Resource Center in Gwinnett County,
Georgia and stored at 4°C until use. Assays including pH, volatile solids (VS), total
solids (TS), long chain fatty acid (LCFA) distribution, and short chain fatty acid
(SCFA) distribution were performed. Several preliminary data was collected. The
same protocols used in the previous batch study for measuring pH, VS, TS, LCFA
,and SCFA were employed in this study. Methane production is presented as g VS
fed, also similar to the previous study.
For this study, palmitic acid and acetate were added in various
concentrations. There were three conditions for sodium palmitate addition: 0 mM,
5 mM, and 10 mM. Within each of these groups, bottles were divided into two more
experimental groups; bottles with 0mM or 40mM sodium acetate, all in triplicate.
In total, the study had 18 batch bottles. The bottles are referred to by their sodium
palmitate (SP) and sodium acetate (SA) concentrations, followed by the biological
replicate number.
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Each batch bottle had a total volume of 250 mL with 83 mL of headspace
and 167 mL of liquid. Of the liquid volume, 10% was anaerobic digester sludge
from Gwinnett County. The remaining volume consisted mostly of buffered
anaerobic minimal media, as described by Shelton and Tiedje (1984).95 Bottles
were supplemented with varying amounts of palmitic acid and acetate as
determined in experimental design. Palmitic acid and acetate were added in the
form of sodium palmitate and sodium acetate, respectively. By adding the salt
form, more complete dissolution was achieved. Table 3 details the composition of
each of these bottles. Bottles containing media, digester sludge, and
experimentally-defined compound(s) were sealed with a rubber stopper, secured
with an aluminum cap, and sparged with ultra-high purity argon for 10 minutes.
Batch bottles were then placed on a bench-top shaker and kept at 37°C. This study
ran for a total of 45 days.
Table 3. Palmitic acid and acetate batch bottle composition
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2.2.2. Quantification of methane and fatty acid production
Volume of biogas in headspace was measured every day using a
frictionless glass syringe and 21G needle. This was performed by inserting the
needle through the rubber stopper of each batch bottle and allowing the plunger to
move freely. Percent methane concentration was measured every day by using a
glass syringe (Hamilton Company, Reno, NV, USA) to withdraw 250 µL from the
headspace of each batch bottle. Samples was analyzed by the Shimadzu GC-TCD
2014 fitted with a ShinCarbon ST 100/120 column (Restek, Bellefonte, PA, USA).
The carrier gas was argon at a rate of 0.5 mL/min at 120°C and detector and
injector temperatures was set to 150°C. The hold time was 7 minutes.
Every 5 days, two 1-mL liquid samples were collected from all batch bottles
using a 3-mL luger-lock syringe fitted with an 18G needle and stored in labeled
1.5-mL microcentrifuge tubes. These samples were stored at 0°C until analyzed
for short and long chain fatty acids. In the short chain fatty acid analysis, the filtrate
was diluted ten times with DDI water before running on the HPLC. The same
protocol for long chain fatty acids outlined in the previously study was used.
2.2.3. RNA and DNA extraction
On day 5, 10, 20 and 25, 2 mL samples were collected directly from each
bottle using a 5-mL luger lock syringe and an 18G sterile needle. Samples were
then immediately placed into the 15-mL PowerBead tube, provided in Qiagen’s
RNeasy PowerSoil Total RNA Extraction Kit. The remainder of the protocols
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described in the kit were used to extract RNA. The final eluted RNA was stored at
-80°C until further use.
Concentration of RNA in each sample was determined using Qubit high
sensitivity RNA Assay kit and measured on a Qubit 3.0 (Thermo Fisher). Standards
were prepared according to directions in the kit and were made fresh prior to each
measurement session.
The same batch of digester inoculum received from Gwinnett County was
used in both the FOG and palmitic acid studies. DNA was therefore only extracted
from the digester inoculum once and served as the starting data point for microbial
community analysis in both studies. On the last day of the palmitic acid study, Day
45, 2-mL samples were collected in triplicate from each batch bottle and stored at
-20°C until DNA could be extracted. For extraction, duplicate samples thawed on
ice and DNA was extracted using DNeasy PowerSoil kit and the protocol included
by Qiagen. Quantification of DNA was performed using a Qubit high sensitivity
DNA assay kit on a Qubit 3.0 (Thermo Fisher). Standards were prepared according
to directions in the kit and were made fresh prior to each measurement session.
Samples were not above concentration limits set by MR DNA, therefore no sample
had to be diluted. All sample microcentrifuge tubes were sealed with parafilm and
stored at -20°C until sequencing.
2.2.4. Microbial community composition
Sequencing set-up and bioinformatics were the same as protocols
previously described in Study 1.
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2.2.5. Quantification of mcrA expression
To prepare the extracted RNA for RT-qPCR, contaminating DNA was
removed from extracted RNA using the DNase Max RNA Clean-Up kit (Qiagen).
Contaminating genomic DNA can serve as a template during PCR and can
produce misleading results.96 After the clean-up, samples were again run on the
Qubit 3.0 to check final concentrations and the average percent recovery was 34%.
The first step of two-step RT-qPCR was to reverse transcribe extracted and
cleaned RNA using SuperScript III reverse transcriptase (ThermoFisher) and 500
nM of the reverse primer mcrA-rev (5’-CGTTCATBGCGTAGTTVGGRTAGT-3’),
described by Steinberg and Regan (2008).97 In a sterile and RNase-free hood,
cleaned RNA samples were transferred to labeled 0.2-µL PCR strip tubes and
given 10 mM dNTP mix, 10 µM mcrA-rev primer, and nuclease-free water.
Samples were then heated at 65°C for 5 minutes followed by cooling on ice for 1
minute. Finally, the remainder of the reverse transcription components, including
the SuperScript III reverse transcriptase, were added and mixed by pipetting. In
addition to the eighteen batch bottle samples, no-reverse transcription (RT)
controls were made by pooling RNA from biological replicates and adding
nuclease-free water instead of SuperScript III. The purpose of including no-RT
controls was to determine minimum cycle number of amplification of contaminating
genomic DNA contamination in each sample pool. The samples were incubated at
25°C for 5 minutes, 55°C for 60 minutes, then 70°C for 15 minutes. This yielded
eighteen samples and six no-RT controls for each day, for a total of 54 samples
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and 24 pooled no-RT controls. After completion of reverse transcription, all
samples were stored in their PCR strip tubes at -80°C until qPCR.
The second step of two-step RT-qPCR was to perform qPCR on the
reverse-transcribed samples. All samples were thawed on ice. For each qPCR
reaction, 2-µL reverse-transcribed sample template, 10-µL 2x PowerUp SYBR
Green Master Mix (ThermoFisher), 500 nM forward and reverse primer mix, and
nuclease-free water were combined for a total volume of 20 µL per reaction. The
reverse primer was again mcrA-rev and the modified forward primer was mlas (5’GGYGGTGTMGGNTTCACHCARTA-3’), as described by Steinberg and Regan
(2009).68 A negative control was also included, where the 2 µL of template was
replaced with nuclease-free water. The purpose of this control was to ensure that
if qPCR results were irregular, the cause was not contamination of primers, SYBR
Green Master Mix or nuclease-free water. A positive control was also included.
The template was extracted from a semi-continuous microbial electrochemical cell
actively producing methane and the purpose of including a positive control was to
confirm the ability of primers and other reaction components to amplify mcrA
transcripts in samples known to be transcribing it. Standards from Integrated DNA
Technologies, Inc. were also prepared from a mixture of six sequences from Morris
et al. (2014), accession numbers HM800542, HM800549, HM 800560, HM800574,
HM800581, and HM800611. These sequences were selected as they are
variations of the mcrA gene found in methanogens that commonly colonize
anaerobic digester.97,98 Standards were serially diluted from 10 10 to 101, but only
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106 to 101 were added to the qPCR plate. The standards, positive control, negative
control, RT samples, and no-RT pooled samples for each day were all plated in
triplicate on a 96-well plate. A ThermoFisher QuantStudio 3 Real-Time PCR
System was used to run all qPCR reactions with the following program: initial
denaturation at 95°C for 2 minutes, 5 cycles of 95°C for 30 seconds, 60°C for 45
seconds, ramp of 0.1°C per second to 72°C for 30 seconds, 35 cycles of 95°C for
30 seconds, 60°C for 45 seconds, 72°C for 30 seconds, and a final hold at 72°C
for 7 minutes.24 The ThermoFisher Connect Platform was used to analyze
standard and melt curves and to export results.
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3. Results and Discussion
3.1. Study 1: Anaerobic co-digestion of sludge with fats, oils and greases
The overall purpose of Study 1 was to design a BMP experiment with
varying concentrations of FOG and to measure biogas, methane concentration,
SCFAs, LCFAs, and changes in microbial community structure.
3.1.1. Methane production
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Figure 6. Average cumulative methane yield over time from FOG study

Shown in Figure 6 is average cumulative methane yield during the fifty-day
experiment on FOG co-digestion with sludge. Control, FOG5, and FOG10 batch
bottles increased in rate of methane production within eight days of startup.
Control bottles were expected to have the lowest lag time, due to the absence of
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inhibitory compounds.28 The control bottles did reach their maximum rate of
methane production first, followed by FOG5 and FOG10, respectively. FOG5 had
a higher maximum rate of methane production than the control, likely due to the
added grams of VS fed being converted to SCFAs or other smaller, bioavailable
compounds that can be used to generate more methane. The same appears to be
true with the FOG10 bottles. From this study, it appears that 10% FOG is not
inhibitory to methanogenesis and, in fact, increases the maximum amount of
methane produced due to increased substrate.
FOG15 and FOG20 produced methane slowly initially. In FOG15, there was
a slow increase in methane production until around day 15. This is likely due to the
inhibitory effects of LCFAs on methanogenesis, as previously mentioned.28,45,99,100
A discussion of in detail At day 15, FOG15 experienced almost two days of
exponential methane production. This coincided with a rapid decrease in acetate
concentration, as discussed later. After this brief exponential methane production,
the biological replicates diverged in their methane production timelines. The figure
detailing methane production in individual replicates appears in the Appendix.
FOG15_3 experienced a delay in exponential methane production that lasted
about a day. Then, it experienced exponential methane production for about 12
days. In FOG15_1, methane production rate remained constant until day 24. This
period of exponential methane production also lasted for about 12 days. FOG15_2
did not pick up for about 16 days. When methane production finally picked up,
exponential methane production also lasted for about 12 days. The delay in
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Table 4. Slopes during exponential methane production from FOG study

Sample
Control

FOG5

FOG10

FOG15

FOG20

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Days with
Steepest
Slope

Slope

0-8
0-8
0-8
0-10
0-10
0-10
0-17
0-17
0-17
25-39
33-48
21-34
32-50
35-49
36-49

22.83
24.57
25.31
27.52
26.29
26.84
20.93
20.64
21.19
19.05
18.45
19.87
13.51
15.56
17.99

Average

SD

24.24

1.27

26.88

0.62

20.92

0.28

19.12

0.71

15.69

2.24

exponential methane production corresponds to high concentrations of LCFAs,
which is further discussed in 4.1.3. For the first fifteen days of the study, FOG20
bottles produced methane at a low, constant rate, similar to the startup of FOG15
bottles. A small period of exponential increase for FOG20 bottles occurred
between day 15 and day 18 and this period corresponds to a rapid decrease in
acetate concentration, also similar to FOG15 bottles. The relationship between
acetate concentration and methane production will be considered in 4.1.2. Since
exponential methane production did not stop by day 50, methane production of
FOG20 bottles did not produce sigmoidal curves needed to utilize modified
Gompertz model. Instead, the slope of each curve during exponential methane
production was calculated. Table 4 lists each of these slopes. As expected,
increasing FOG concentration can increase methane production speed to a point,
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which is 5% FOG in this study. Beyond 5% FOG concentration, the slope of
exponential methane production appears to decrease slightly after removal of
inhibitory LCFAs, like palmitic and stearic acids.
3.1.2. Short chain fatty acid production
Referring back to Figure 4, SCFA arise from fermentation of amino acids
and simple sugars or from β-oxidation of LCFAs by acidogenic bacteria.34 SCFAs,
like acetate, can then be used with H2 by acetoclastic methanogens to produced
methane.63 Shown in Figure 7 is the decrease in acetate over time in the FOG
study. For the control bottles, no acetate was detected throughout the experiment.
In FOG5 and FOG10 bottles, there did not appear to be an accumulation of acetate
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Figure 7. Average acetate concentration over time from FOG study
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either. In FOG15 and FOG20 bottles, both accumulated acetate by day 5. In
FOG15 bottles, there appeared to be a slight increase in acetate between days 10
and 15. However, between day 15 and day 20, almost all of the acetate was
consumed and the concentration remained low for the duration of the experiment.
This decrease in acetate coincides with a brief period of increased methane
production, shown in Figure 6. FOG20 bottles also accumulated acetate initially.
Acetate in FOG20 bottles slowly decreased until day 15, then rapidly decreased
between day 15 and day 20 and remained below 5 mM for the remainder of the
experiment. The rapid decrease between day 15 and day 20 coincides with an
increase in methane production, similar to FOG15 bottles. There appeared to be
a slight increase in acetate concentration to approximately 10 mM on day 40, but
decreased to below 5 mM by day 45. The relationship between SCFAs and LCFAs
will be further discussed in 4.1.3.
Propionate is another common SCFA product of acidogenic bacteria.34 The
most common propionate utilization method is the methyl-malonyl-CoA pathway,
whereby propionate is oxidized to acetate, CO2 and H2.101 Figure 8 depicts the
trends in propionate concentration. For the control bottles, propionate
concentration was 8 mM on day 5. FOG5 and FOG10 bottles had a propionate
concentration of 14 mM on day 5. All three conditions then resulted in a decrease
in propionate to almost 0 mM between day 5 and day 10 measurements and
remained almost 0 mM until day 50. It is probable that, for these conditions,
propionate was rapidly oxidized to acetate, CO2 and H2, all of which were likely
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consumed quickly to yield methane.22 Propionate in FOG15 bottles stayed
relatively constant at approximately 20 mM, except for a slight decrease to 16 mM
at day 10 and a minor increase to 31 mM at day 40. Propionate in FOG20 bottles
also remained relatively constant at approximately 20 mM, except for a slight
decrease to 18 mM at day 10 and an increase to 45 mM on day 50. Propionate is
another short chain fatty acid that requires a secondary pathway for its conversion
to acetate by a specialized group of microbes. Therefore, this sustained propionate
concentration could be the result of sensitivity of propionate-consuming organisms
to LCFA concentrations.43 Additionally, species like Syntrophobacter might not
have been in high enough proportions to degrade the propionate efficiently.101
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Figure 8. Average propionate concentration over time from FOG study
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Figures for concentrations of other SCFAs, including isobutyrate, butyrate,
isovalerate, and valerate, are presented in the Appendix.
3.1.3. Long chain fatty acid production
LCFAs arise from the hydrolysis of FOG.33 Palmitic and stearic acid are
LCFAs of primary importance, as their presence can be particularly inhibitory in
the pathways involved in methanogenesis.102 Figure 9 presents the changes in
palmitic acid concentration in the batch bottles over fifty days. Control bottles did
not have any palmitic or stearic acid accumulation by day 5, despite their presence
in the digester sludge. Palmitic and stearic acid concentrations were low in the
digester inoculum, therefore it is possible that they were converted to other SCFAs
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Figure 9. Average palmitic acid concentration over time from FOG study

36

prior to day 5. FOG5 and FOG10 bottles had an average initial palmitic acid
concentration of 1.6 mM on day 5. This decreased to 0 mM by day 10 and
remained at 0 mM until day 50. Hydrolysis of lipids in FOG5 and FOG10 bottles
likely occurred rapidly in the first few days, leading to the detectable accumulation
of palmitic acid. FOG5 and FOG10 bottles likely accumulated palmitic acid within
the first 15 days due to the slow growth rate of methanogens

coupled with the

inhibitory properties of LCFAs on their growth.25,103 Kim et al. (2004) found that
1.62 mM of palmitic acid dropped methane production by only 10%. 102 Therefore,
methanogenesis was only slightly inhibited in FOG5 and FOG10 bottles. Reactants
of methanogenesis, acetate and H2, were still consumed which allowed the
thermodynamically unfavorable and slow β-oxidation reaction to occur and reduce
the concentration of palmitic acid and other LCFAs.43 FOG15 bottles had palmitic
acid accumulate to 10.7 mM by day 10. Kim et al. (2004) found that a 5.71 mM
concentration of palmitic acid dropped methane production by 50%.102 Given this,
a concentration of 10.7 mM was expected to inhibit palmitic acid utilization and
therefore methanogenesis. Propionate-consumers, like Syntrophomonas, could
be the sensitive to high concentrations of LCFAs and therefore unable to catalyze
reactions involving SCFAs.104 FOG15 bottles all displayed a decrease in palmitic
acid between day 10 and day 15, which corresponds to the slight increase in
methane production, previously mentioned in 4.1.1. After day 15, the biological
replicates of FOG15 began to diverge. The figure with all replicates can be found
in the Appendix. All replicates eventually had palmitic acid concentrations close to
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zero by day 40. It is unclear why the biological replicates of FOG15 had such
different metabolic timelines, as their anaerobic media and inoculum was mixed in
one batch. However, it is clear that palmitic acid concentration in bottles prevents
methanogenesis, which supports previous research.24 FOG20 replicates also had
some divergence. FOG20_2 and FOG20_3 had similar trends but FOG20_1 did
not seem to ever increase in palmitic acid, despite having similar methane
production trends. FOG20_2 and FOG20_3 had similar trends as the FOG15
bottles up to day 15, experiencing a rise in palmitic acid up to day 10 then a
decrease between day 10 and day 15. The maximum average palmitic acid
concentration at day 10 for FOG20_2 and FOG20_3 was 8.8 mM, while FOG15
bottles’ averaged 10.7 mM. FOG20_2 and FOG20_3 increased to approximately
15 mM palmitic acid by day 25. From day 25 to day 50, palmitic acid concentration
decreased to almost 0 mM. This decrease in palmitic acid corresponds to an
increase in rate of methane production.
From these data, acetate concentration data and cumulative methane
concentration data, it appears that all acetate is consumed within 20 days and does
not accumulate for the remainder of the study in all FOG concentrations. This
supports the hypothesis that acetoclastic methanogens are not as inhibited as
microorganisms upstream of methanogenesis. Acetate had been depleted by the
time palmitic acid was transformed into acetate and hydrogen. Even after palmitic
acid concentrations started to decrease, acetate did not reaccumulate, likely
because it was being consumed as quickly as it was being produced.
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Microorganisms that catalyze the β-oxidation of LCFAs to acetate and H2, like
Syntrophomonas, appear to be more negatively impacted by concentrations above
10% FOG. The cause of the observed slower rate of exponential methanogenesis
in bottles with greater than 10% FOG

remains unclear. It could be that

methanogens are slightly inhibited by LCFA accumulation. However, the more
likely reason is methanogenic activity was only limited by the rate of β-oxidation.
Stearic acid is another LCFA commonly produced in hydrolysis of lipids and
Figure 10 displays trends in its concentration throughout the FOG study. Stearic
acid concentrations in each condition appeared to have similar trends to palmitic
acid concentrations. The major difference seems to be the overall concentration of
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Figure 10. Average stearic acid concentration over time from FOG study
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stearic acid accumulated was lower than that of palmitic acid. Other research
supports that palmitic acid is the most abundant hydrolysis product.105 Average
concentrations of other LCFAs, including myristic, oleic and linoleic acids, are
presented in the Appendix.
3.1.4. Microbial community analysis
Figure 11 displays the percent abundance of each genus present on day
50 of the experiment. The inoculum had Candidatus_Cloacimonas as the dominant
genus, followed by another unknown genus in the Cloacimonadales order, SC103
and Bacteriodetes_vandinHA17. A small percentage of microbial OTUs belonged
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Figure 11. Percent relative abundance of prokaryotic and archaeal genera present from FOG
study. D1, D2, and D3 were triplicate samples from the anaerobic digester inoculum used on day
0. All other samples were collected on day 50. Those referred to as “Genus 1”
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to methanogenic archaea. The community structure in the control, FOG5 and
FOG10 BMP bottles looked very similar. Genus 1 of the Cloacimonadales order
was the most populous, followed by 009E01-B-SD-P15 of the Bacteroidales order
and Genus 1 of the Spirochaetaceae family. The Cloacimonadales order are
known as syntrophic bacteria that use propionic acid as their primary substrate. 106
This explains the rapid depletion of propionate in control, FOG5, and FOG10
samples, represented in Figure 8. Many genera in the Bacteroidales order are
commonly found in anaerobic digesters, often representing more than 50% of the
bacterial abundance.107 Spirochaetaceae are also commonly found in anaerobic
digestion systems and catalyze hydrolysis of macromolecules into their building
blocks, which is first main metabolic step in anaerobic digestion.108 The biological
replicates of FOG15 express quite a bit of variation in their microbial communities.
FOG15_2, the replicate that took the longest amount of time to pick up in methane
production, had DTU014, a Firmicute, at almost 36% of the OTUs, followed by
Syntrophomonas at 24%. Methanosarcina made up a mere 3%. FOG_1, whose
exponential methanogenesis also lagged, had a similar abundance of
Methanosarcina, but will slightly less DTU014 and Syntrophomonas. Finally,
FOG15_3, the replicate with the fastest methanogenesis pick up, only had 4%
abundance of DTU014, 9% Syntrophomonas, but 5% Methanosarcina. Similar
abundances of methanogens and very different start times of methanogenesis
suggest

that

abundance

methanogenesis

will

of

being.

methanogens
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41

the

does

not

proportion

determine
of

DTU014

when
and

Syntrophomonas to methanogens appears to have an effect on when exponential
methanogenesis begins. FOG20 replicates were fairly similar to one another. The
proportion of Methanosarcina, Syntrophomonas and DTU014 is more equal than
in FOG15 BMP bottles. FOG20 BMP bottles started exponentially producing
methane at the same time. This suggests that an overabundance of DTU014,
Syntrophomonas, or a combination of the two can delay the onset of
methanogenesis. Deaver et al. addressed a similar result in their paper. A reactor
that never began significant methanogenesis (reactor 1) had a higher percent of
Syntrophomonas than one that did begin methanogenesis (reactor 2). The authors
remain unsure if another unknown LCFA-oxidizing bacterium was contributing
more in reactor 2 to LCFA conversion or if reactor 1 was adapting to conditions.
The main metabolic role of Syntrophomonas is the β-oxidation of fatty acids to
acetate or propionate.109–111 Therefore, the presence of a microorganism with this
capability is important to the degradation of LCFAs into acetate, accessible to
acetoclastic methanogens. However, it appears that the overabundance of this
genus can further delay the onset of methanogenesis. The Methanosarcina genus
contains several species that are capable of acetoclastic or hydrogenotrophic
methanogenesis.112 The relatively consistent percent of Methanosarcina across
FOG15 BMP samples may indicate that ratio of Syntrophomonas to
Methanosarcina may have an influence on the start of exponential methane
production.
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Figure 12. Beta diversity of communities using weighted UniFrac emperor from FOG study

Figure 12 presents the beta diversity in the day 50 sequencing samples.
The x axis distinguishes communities based on percent FOG and explains 58.72%
of variation within these communities. The y axis separated samples based on
community structure and accounted for 18.89% of the community variation. As
expected from Figure 11, control, FOG5, and FOG10 conditions clustered
together, meaning they had similar community structures. The orange circles
represent the FOG15 biological replicates. The replicate closest to FOG20
replicates was FOG15_2, which had the longest delay in onset of exponential
methane production. This indicates that the community within FOG15_2 was more
similar to communities present in FOG20 replicates. The replicate closest to the
control, FOG5 and FOG10 cluster was FOG15_3, which began exponential
methane production the soonest of the replicates. This indicates that the
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community of FOG15_3 was more similar to the communities of the control, FOG5,
and FOG10 replicates.
3.2. Study 2: Anaerobic biodegradation of palmitic acid and acetate
The overall purpose of Study 2 was to design a BMP study with various
concentrations of sodium palmitate and sodium acetate and to measure biogas,
methane concentration, SCFAs, LCFAs, changes in microbial communities, and
expression of mcrA to determine the impact on methanogenesis.
3.2.1. Methane production
All batch bottles produced some amount of methane within the forty-five-day
experiment, as seen in Figure 13. Control BMP bottles (0 mM SP + 0 mM SA)
450
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Figure 13. Average cumulative methane production over time from palmitic acid study
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reached maximum methane production capacity of approximately 60 mL by day
12. For bottles supplemented with acetate, more methane is expected due to
added substrate increase methane production potential. Stoichiometrically, for
every 1 mmol of sodium acetate added, 1 mmol of methane is expected to be
produced, as displayed in Equation 1:
CH3 COOH → CH4 + CO2

(1)

Adding 40 mM of sodium acetate should theoretically yield 40 mM of methane, as
demonstrated in Equation 2:
1 mol CH

4
40 mM acetate × 1 mol acetate
= 40 mM CH4 theoretical production

(2)

Given a molar amount, the ideal gas law can be used to determine volume of
expected methane. The value of the specific gas constant for methane was used
from Nesbitt (2007).113 For 40 mM of sodium acetate, 169 mL of methane is
expected. Thorough calculations are included in the Appendix. Bottles containing
0 mM SP + 40 mM SA reached their maximum methane production of
approximately 200 mL by day 5. The extra 31 mL of methane produced could have
been derived from the transformation of palmitic, stearic and oleic acids present in
the digester sludge.
Bottles containing palmitic acid have different theoretical methane yields
than those without. The chemical equation for conversion of palmitic acid to
methane is described by Equation 3:
2 C16H31 O2 − + 14 H2 O + 2 H+ → 23 CH4 + 9 CO2
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(3)

Again, the sodium ion was not included due to its dissociation from the molecule
in water. It is expected that bottles containing a substrate with higher methane
production potential would produce more methane. This is true in practice for lower
concentrations of palmitic acid, like 5 mM. From Equation 4, the potential amount
of methane produced by the addition of 5 mM of sodium palmitate is 57.5 mM:
23 mol CH

4
5 mM palmitate × 2 mol palmitate
= 57.5 mM CH4 theoretical production

(4)

This can be converted to theoretical methane volume using the ideal gas law and
5 mM of palmitate can yield 243 mL of methane. It can be seen in Figure 12 that
by day 8, bottles with only 5 mM SP reached a cumulative methane volume of
about 260 mL. Bottles with 5 mM SP + 40 mM SA should have produced 412 mL
of methane and by day 22, the volume of methane was approximately 410mL.
BMP bottles containing 10 mM SP had an increased methane production
potential, as demonstrated in Equation 5:
23 mol CH

4
10 mM palmitate × 2 mol palmitate
= 115 mM CH4 theoretical production

(5)

Addition of 10 mM of palmitate could theoretically produce 487 mL of methane.
This calculation is included in the Appendix. As previously mentioned, palmitic acid
can be inhibitory somewhere in the methane production pathway in higher
concentrations. Despite having the potential to produce almost 500 mL of
methane, bottles containing 10 mM SP + 0 mM SA had no methane production for
the first ten days. After day 10, a slow increase in methane was observed before
maximum methane production stopped at around 70 mL. BMP bottles
supplemented with 10 mM SP + 40 mM SA had the potential to produce 656 mL
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of methane. However, these bottles had an even longer period of zero methane
production, about twenty days. By day 32, biological replicates 1 and 3
experienced exponential methane production for approximately three days before
slowing. The methane produced by these biological replicates was under 200 mL
and replicate 2 barely produced 50 mL. From these results, there appears to be
some delay in methane production with 10 mM sodium palmitate.
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Figure 14. Average cumulative methane yield over time from palmitic acid study

Figure 14 displays the same trends as Figure 13, but cumulative methane
is instead presented in terms of mL per g VS fed. Overall biogas production and
digester efficiency is often represented as total g VS fed.114 Slopes of exponential
methane increase for each condition were calculated from Figure 14 and are
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shown in Table 5. Other methods of modeling methane production potential, like
the modified Gompertz model, fit some of the data very closely. However,
Gompertz curves for 5 mM SP + 40 mM SA and 10 mM SP + 40 mM SA did not fit
well, likely because these data were not perfectly sigmoidal. Instead, slopes during
exponential methane production are compared to determine the effect of palmitic
acid on the rate of methane production. The most interesting observation is when
bottles reach exponential methane production, their slopes are similar. This again
points to palmitic acid having a delaying effect over an inhibitory one on
methanogens.

Table 5. Slopes during exponential methane production from palmitic acid
study. Biological replicate 2 for 10 mM SP + 40 mM SA was not included in
average and standard deviation calculations

Sample
0 mM SP +
0 mM SA
0 mM SP +
40 mM SA
5 mM SP +
0 mM SA
5 mM SP +
40 mM SA
10 mM SP
+ 0 mM SA
10 mM SP
+ 40 mM
SA

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Days with
Steepest
Slope

Slope

0-5
0-5
0-5
0-7
0-7
0-7
0-8
0-8
0-8
17-24
18-25
17-24
15-24
15-24
15-24
33-36
41-43
33-37

12.26
12.17
13.91
52.96
54.91
51.46
63.02
62.58
63.23
67.53
71.48
70.15
6.36
6.35
6.03
51.65
12.27
62.58
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Average

SD

12.78

0.98

53.11

1.73

62.94

0.33

69.72

2.01

6.25

0.19

57.11

7.73

3.2.2. Short chain fatty acid production
Shown in Figure 15 is the average acetate concentration collected from
each condition over the forty-five-day palmitic acid study. Bottles without any
sodium palmitate or sodium acetate had no detectable acetate accumulation. This
is likely because any remaining acetate from digester sludge had been consumed
prior to batch bottle set-up. Bottles with 0 mM SP + 40 mM SA had 32 mM of
acetate remaining after five days but was quickly reduced to 0 mM by day 10. The
rapid decrease in acetate corresponds to exponential increase in methane
concentration.
Bottles with 5 mM SP + 0 mM SA accumulated approximately 3 mM of
acetate by day 5, but it decreased to 0 mM by day 10. Without any added acetate,
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Figure 15. Average acetate concentration over time from palmitic acid study
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methanogens likely had to source acetate from other compounds, like palmitic
acid. This relationship will be explored further in the LCFA production section 4.2.3.
Figures for concentrations of other SCFAs, like propionate, isobutyrate, butyrate,
isovalerate, and valerate, are presented in the Appendix. Bottles containing 5 mM
SP + 40 mM SA experienced an accumulation of acetate to a concentration of 106
mM until day 15. Although acetate was readily available for consumption by
methanogens, it was not utilized quickly like in bottles with 0 mM SP + 40 mM SA.
Methanogenesis still proceeded within the first fifteen days, as indicated in Figure
14. At day 15, acetate concentration rapidly decreased until reaching a
concentration of almost 0 mM by day 25. This period of rapid acetate removal
corresponds to exponential methane production and the final average methane
concentration was approximately 800 mM.
Since 5 mM of sodium palmitate appears to delay exponential methane
production, it was expected that 10 mM of sodium palmitate would have a more
pronounced effect. In Figure 15, bottles supplemented with 10 mM SP + 0 mM SA
slowly increased in acetate from 8 mM until day 35. After day 35, acetate
concentration appeared to level out at 82 mM and did not decrease. This
corresponds to a lack of exponential methane production and results that appear
similar to 0 mM SP + 0 mM SA bottles, as seen in Figure 14. Although acetate
was present, it was not being consumed at detectable rate by acetoclastic
methanogens or other microorganisms. In bottles containing both 10 mM SP + 40
mM SA, the concentration of acetate began at 93 mM and slowly increased.
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Between day 25 and day 30, there was a drop in acetate concentration, but it did
not correspond to an increase in methane. It is speculated that methanogens were
unlikely to be the cause of this acetate consumption. It is possible that other
microbes in the consortium were consuming acetate and generating byproducts
that were not monitored. Between day 30 and day 45, acetate concentration
increased and this coincided with exponential increase in methane production in
biological replicates 1 and 3. A simultaneous increase in acetate and methane was
not expected and did not reflect trends demonstrated by other experimental
conditions. Biological replicate 2 did not experience exponential methane
production. It is possible that acetoclastic methanogens, that use acetate to
produce methane, were inhibited by the concentration of LCFAs present, but
hydrogenotrophic methanogens were less inhibited. Since hydrogenotrophic
methanogens reduce carbon dioxide to methane using only hydrogen gas, the
concentration of acetate would have been unaffected by their metabolism. This
relationship between LCFAs and hydrogenotrophic methanogenesis will be
explored more in 4.2.3.
3.2.3. Long chain fatty acid production
Figure 16 displays the changes in palmitic acid concentration over time
from the palmitic acid study. Bottles that received no palmitic acid, like 0 mM SP +
0 mM SA and 0 mM SP + 40 mM SA, did not accumulate any palmitic acid. Bottles
receiving 5 mM SP + 0 mM SA had about 1.2 mM of palmitic acid remaining after
five days and it became 0 mM by day 10. The first ten days of palmitic acid
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decrease coincided with exponential methane production and a decrease in
acetate concentration, as seen in Figure 14 and Figure 15, respectively. Bottles
with 5 mM SP + 40 mM SA appeared to increase in palmitic acid concentration
between days 5 and 10, according to Figure 14. This is likely due to solubility
issues of sodium palmitate, as it is difficult to completely dissolve it in water and
disperse it evenly throughout the batch bottle. It is possible that the day 5 reading
was not a well-mixed sample and did not reflect the actual sodium palmitate
concentration.115 When taking samples for LCFA analysis, bottles were shaken
thoroughly but it is possible that separation still occurred. Other studies have also
described this phenomena of precipitation of biomass-associated LCFAs that
creates stratification of sludge layers and prevents achieving a completely wellmixed reactor.49 Between day 10 and day 15, the palmitic acid concentration
dropped to 0 mM and the acetate concentration increased to 106 mM. This time
period also corresponds to the beginning of exponential methane production, as
seen in Figure 14.
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Figure 16. Average palmitic acid concentration over time from palmitic acid study

The final two conditions contained 10 mM sodium palmitate and the same
dispersion issue mentioned previously likely occurred in these bottles as well,
falsely displaying the initial palmitic acid concentration lower than 10 mM, as
depicted in Figure 16. However, between day 5 and day 10, the concentration of
palmitic acid increased past 10 mM. These results were puzzling until a closer look
at the digester sludge was taken. The digester sludge did contain some LCFAs,
specifically palmitic, stearic and oleic acid. Previous research has shown the oleic
acid degrades to palmitic and myristic acid within 10 days. Stearic acid did not
produce any LCFA by-products in its degradation, rather only produced acetate
that did not accumulate.2 Therefore, the accumulation of palmitic acid to a
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concentration over 10 mM could be due to the conversion of LCFAs in the inoculum
to palmitic acid. For bottles containing 10 mM SP + 0 mM SA, palmitic acid
concentration peaked at approximately 14 mM at day 10 and steadily decreased
each day until the concentration was about 6 mM at day 45. Methane only started
to increase after palmitic acid decreased, but cumulative methane yield was still
as low as the control bottles (0 mM SP + 0 mM SA). If given more time in the study,
it is possible that palmitic acid concentration could have decreased enough to allow
for exponential methane production. In bottles with 10 mM SP + 40 mM SA,
palmitic acid concentration decreased after day 10. Biological replicates 1 and 3
of 10 mM SP + 40 mM SA experienced a faster rate of palmitic acid decrease
between day 30 and day 45, which corresponds to exponential methane
production in Figure 14. As previously discussed, Figure 15 displays the increase
in acetate concentration during this time period. In β-oxidation of LCFAs, the major
products are SCFAs, acetate and hydrogen gas. Since acetate concentration was
not decreasing as methane was increasing, it is reasonable to hypothesize that
hydrogen was being consumed for methanogenesis instead of acetate. There have
been many studies linking LCFA concentration to slight inhibition of acetoclastic
methanogenesis, but fewer studies on hydrogenotrophic methanogenesis. 42,47,116
Hanaki et al. (1981) showed that a mixture of LCFAs was less inhibitory to
hydrogenotrophic methanogens than acetoclastic methanogens.117 Lalman and
Bagley (2001) found that oleic and stearic acids only slightly inhibited
hydrogenotrophic methanogenesis at concentrations above 30 mg/L.2 No studies
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have been done to directly study the effects of palmitic acid on hydrogenotrophic
methanogenesis, although given previous studies, it is possible to hypothesize that
methane production in 10 mM SP + 40 mM SA bottles was the result of
hydrogenotrophic methanogenesis and microbial community analysis discussed
next will also support this.
3.2.4. Microbial community analysis
Figure 17 depicts the percent relative abundance of several different taxa
from DNA collected on day 0 and day 45 of the palmitic acid study. The same
anaerobic digester inoculum was used in the FOG study and therefore the
70%
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Figure 17. Percent relative abundance of prokaryotic and archaeal genera present from palmitic
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day 0. All other samples were collected on day 50. Those referred to as “Genus 1” were not
classified as a specific genus.
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microbial communities appeared similar. BMP bottles 0 mM SP + 0 mM SA and 0
mM SP + 40 mM SA appeared to have similar relative abundance of each taxa.
The most abundance taxa were the Bacteroidetes genus and Genus 1 of the
Spirochaetaceae family. As previously mentioned in section 3.1.4, the
Bacteroidales order possess are some of the most populous genera within
anaerobic digestion systems.106 The Spirochaetacea family is also common, as
they catalyze the hydrolysis of macromolecules.108 Their presence was expected.
The relative abundance of genera in bottles with 5 mM SP + 0 mM SA and
5 mM SP + 40 mM SA had two major differences. BMP bottles only supplemented
with only 5 mM SP had almost 20% abundance of Genus 1 of the Cloacimonadales
order and about 8% abundance of methanogenic genera, like Methanobacterium,
Methanosarcina, Methanosaeta and Genus 1 of the Methanomicrobiales family.
These replicates immediately began producing methane, as seen in Figure 14. In
BMP bottles with 5 mM SP + 40 mM SA, abundance of Genus 1 of the
Cloacimonadales order was only about 8%, while methanogenic species made up
about 20% of OTUs. It is expected that acetoclastic methanogens are likely to be
more abundant with a higher acetate concentration. In both 5 mM SP conditions,
Syntrophomonas, a genus of bacteria that catalyzed β-oxidation of LCFAs, made
up less than 1% of the OTUs. Only endpoint samples were taken, so it is unclear
if Syntrophomonas had a higher percent abundance prior to day 50. A future study
should be designed to address this data gap.
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Finally, BMP bottles supplemented

with only 10

mM

SP had

Methanobacterium as the most abundant genus, followed by Syntrophomonas.
Methanobacterium is a hydrogenotrophic methanogen that uses hydrogen to
reduce CO2. This condition did not have a phase of exponential methane
production but did produce methane. It is reasonable to hypothesize that, if given
more time, these replicates could have experienced exponential methane
production. BMP bottles containing 10 mM SP + 40 mM SA had some divergence
in their microbial communities. Replicates 1 and 3 had about 23% abundance of
methanogenic archaea. Of those methanogenic archaea, replicate 1 had a more
equal portion of acetoclastic methanogens to hydrogenotrophic. Replicate 3 had
almost all hydrogenotrophic methanogens. Replicates 1 and 3 also had similar
percent abundances of Syntrophomonas, at around 23%. Both of these replicates
had periods of exponential methane production but replicate 3 produced more
methane in the same amount of time. Replicate 2 had a similar proportion of
aceticlastic and hydrogenotrophic methanogens as Replicate 1, but had only 8%
Syntrophomonas abundance. Percent abundances can be misleading if there are
simply fewer OTUs in a particular sample, so verifying with absolute number of
reads also important. Not only was the percent abundance of Syntrophomonas
lower than replicates 1 and 3, but the number of reads was also less. This supports
the hypothesis from the FOG study that a more equal proportion of methanogenic
archaea to Syntrophomonas appears to encourage exponential methanogenesis.
Figure 18 represents the beta diversity between the conditions and
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Figure 18. Beta diversity of communities using weighted UniFrac emperor from palmitic acid
study

replicates. The x axis distinguishes communities based on concentration of
palmitic acid and explains 62.95% of variation within these communities. The y
axis separated samples based on acetate concentration and accounted for 19.42%
of the community variation. The BMP bottles containing 0 mM SP + 0 mM SA and
0 mM SP + 40 mM SA were very similar. Bottles containing 5 mM SP were quite
different based on their acetate concentration. Without acetate, these BMP bottles
appeared to be more similar to the controls and digester inoculum. These results
correspond to the percent abundance of Genus 1 of the Cloacinamonadales order
and Bacteroidetes within each condition. Finally, BMP bottles supplemented with
10 mM SP looked relatively similar. Bottles only supplemented with 10 mM SP
were more alike than those with 10 mM SP + 40 mM SA. This also corresponds to
the percent relative abundances in Figure 17. Replicate 2 of 10 mM SP + 40 mM
SA appeared to be more closely related to 10 mM SP + 0 mM. This makes sense

58

because none of the 10 mM SP + 0 mM SA replicates experienced exponential
methane production and neither did replicate 2 of 10 mM SP + 40 mM SA.
3.2.5 mcrA expression quantification
Monitoring the expression of key genes in the methanogenesis pathways,
like mcrA, is important to the understanding changes in methanogens activity.
Figure 19 displays the changes in mcrA expression over time. The expression of
mcrA in the control bottles (0 mM SP + 0 mM SA) remained relatively constant,
which corresponds to a constant, but low, methane yield. Bottles with 0 mM SP +
40 mM SA had the highest copies / ng RNA of mcrA on day 5, which corresponds
to their maximum rate of methane production. Day 10 marks a decrease in
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Figure 19. Copies of mcrA transcript per ng RNA from Days 5, 10, 20 and 25. Copies of mcrA
transcripts / ng RNA on x axis is displayed on a log scale.
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expression, which coincided with a constant, but low, methane production. By day
25, no mcrA expression was detected. A similar trend also appeared in bottles with
5 mM SP + 0 mM SA. Both of the 0 mM SP conditions and the 5 mM SP + 0 mM
SA bottles had no expression of mcrA by day 25, which is expected because all
conditions had not been producing methane for at least fifteen days. Bottles with
5 mM SP + 40 mM SA started with low expression of mcrA on day 5 and increased
by 2-log by day 20. Day 20 coincides with exponential methane yield so it follows
that mcrA expression would be the highest on this day. By day 25, expression
rapidly declined to undetectable levels. Bottles with 10 mM SP + 0 mM SA had low
expression on day 5 but it increased by day 20. This also coincides with methane
yield in these bottles. By day 25, expression decreased. This is an interesting result
because palmitic acid concentration decreased and acetate increased, which
should have primed methanogens to start producing methane. Other studies have
shown that LCFA do not exert a bactericidal or permanent toxic effect on
methanogens.48 It seems to be that there was delay in methanogenesis as seen
by the low expression of mcrA and the complete lack of methane production up
until about day 9. The increase in mcrA expression on day 10 and the slight
increase in methane production supports the hypothesis that LCFA inhibition is
reversible on methanogens. It is possible for mcrA expression to have increased
and methane production to have experienced exponential growth beyond day 45,
despite these conditions. Lastly, bottles with 10 mM SP + 40 mM SA did not display
any expression of mcrA on day 5, but increased in expression by day 20. A slight
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increase in methane production coincided with this increase in expression. On day
25, expression was inconclusive due to inconsistent amplification of the no-RT
controls and from samples themselves. If the samples would have amplified, an
expression similar to day 20 would be expected because methane production had
not yet reached exponential increase.
A final observation from the mcrA expression data was that day 5 samples
from 0 mM SP and 5 mM SP + 0 mM SA bottles had similar expression level as
day 20 samples from 10 mM bottles. On day 5, the 0 mM SP and 5 mM SP + 0
mM SA bottles were actively producing methane at an exponential rate. On day
20, 10 mM SP BMP bottles had yet to have any exponential methane production.
Despite this, the expression between these groups appeared to be similar. This
observation supports the hypothesis that methanogens continue to be active whilst
waiting for acetate or hydrogen to be produced by upstream reactions, like βoxidation.24 It follows that the microbes catalyzing β-oxidation reactions, like
Syntrophomonas, are inhibited more strongly by the presence of LCFAs than
methanogens.24
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4. Conclusions
From the FOG study, it can be concluded that:
1. Fifteen percent FOG, by volume, was enough to delay the start of methane
production;
2. After exposure 10% or more of FOG, the rate of exponential methane
production slightly decreased;
3. In conditions with higher percent FOG, acetate did accumulate and the rate
of methane production was slowed, suggesting some inhibition of
acetoclastic methanogens and;
4. A more equal ratio of Syntrophomonas and Methanosarcina and possibly
DTU014 appears to encourage start of exponential methanogenesis.
From the palmitic acid study, it can be concluded that:
1. Ten mM of sodium palmitate appears to delay methane production;
2. When exponential methanogenesis was reached, the rate was similar,
despite sodium palmitate and sodium acetate concentrations. This
suggests that methanogens are only slightly inhibited by LCFA and SCFA
accumulation and that methanogenesis is not the rate-limiting metabolic
step in anaerobic digestion;
3. The larger percent relative abundance of Syntrophomonas in 10 mM
sodium palmitate suggests it plays a role in the β-oxidation of palmitic acid
and possibly a role in the onset of methanogenesis.
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4. Methane production, despite of acetate accumulation, in 10 mM sodium
palmitate bottles was likely due to a higher percent abundance of
hydrogenotrophic methanogens.
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5. Future Research
The higher abundance of Syntrophomonas in BMP bottles with high LCFA
concentrations signifies their importance in β-oxidation. Their presence also might
be used as an indicator as to when methanogenesis may begin. For these reasons,
a method for quantifying the activity of this genus could be valuable for monitoring
anaerobic co-digestion success. Identification of a target gene and extraction of
RNA could be valuable in determining activity of Syntrophomonas present in high
LCFA conditions.
Another area of further research is the metabolic differences between
hydrogenotrophic and acetoclastic methanogens in the presence of LCFAs.
Hydrogenotrophic methanogens are generally more slow-growing due to their
autotrophic nature.25,63 However, from this study, it appears that the relative
abundance of acetoclastic and hydrogenotrophic methanogens does not chance
the rate of exponential methanogenesis. A pure culture study to determine the rate
of methanogenesis within each type of methanogen would answer this question.
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Figure A1. Cumulative methane yield over time from FOG study
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Figure A2. SCFA concentration as acetate equivalents over time from FOG study
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Figure A3. Average isobutyrate concentration over time from FOG study
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Figure A4. Average butyrate concentration over time from FOG study

78

Average Valerate Concentration (mM)

150

125

100
Control
75

FOG5
FOG10
FOG15
FOG20

50

25

0

0

10

20

30
Time (Days)

40

50

Figure A5. Average valerate concentration over time from FOG study
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Figure A6. Average isovalerate concentration over time from FOG study
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Figure A7. Palmitic acid concentration over time from FOG study
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Figure A8. Stearic acid concentration over time from FOG study
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Figure A9. Average oleic acid concentration over time from FOG study
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Figure A10. Average myristic acid concentration over time from FOG study
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Figure A11. Average linoleic acid concentration over time from FOG study
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Figure A12. SCFA concentration as acetate equivalents over time from palmitic acid study
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Figure A13. Average propionate concentration over time from palmitic acid study
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Figure A14. Average isobutyrate concentration over time from palmitic acid study
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Figure A15. Average butyrate concentration over time from palmitic acid study
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Figure A16. Average isovalerate concentration over time from palmitic acid study
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Figure A17. Average valerate concentration over time from palmitic acid study
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Figure A18. Average myristic acid concentration over time from palmitic acid study
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Figure A19. Average stearic acid concentration over time from palmitic acid study
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Figure A20. Average oleic acid concentration over time from palmitic acid study
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Figure A21. Average linoleic acid concentration over time from palmitic acid study

Equation A1. Ideal gas law to predict methane production potential from 40 mM sodium acetate
addition
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Equation A2. Ideal gas law to predict methane production potential from 5 mM sodium palmitate
addition

Equation A3. Ideal gas law to predict methane production potential from 10 mM sodium
palmitate addition
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